Regional rates of blood-brain glucose transfer and phosphorylation have been measured in anaesthe tized fasted and conscious fcd and fasted rats using a dual-label 2-deoxyglucose technique that exploits differ ences in the early-time distribution of analogue and na tive glucose between blood and brain. Regional cerebral blood flow was also measured in comparable groups of rats. Estimates of glucose influx in the anaesthetized group were compared with those calculated from pre viously published kinetic constants obtained using [14C]D-glucose as tracer. The close agreement of these two sets of results served to validate estimates of influx obtained using the glucose analogue. Comparisons be tween all three groups showed that regional rates of glu-This article exammes the distribution of tracer amounts of 2-deoxyglucose, relative to native glu cose, in individual brain regions during the first few minutes after intravenous injection. We previously described a method based on timed sequential in jections of 14C_ and 3H-labelled 2-deoxyglucose that gives estimates of glucose influx and phosphoryla tion simultaneously in the rat brain (Cunningham and Cremer, 198 I). This short-time dual-label 2-de oxyglucose technique involves the measurement of the distribution of tissue glucose relative to arterial plasma in the steady state and that of 2-deoxyglu cose relative to a plasma curve over a defined time course. We have now revised the model on which the estimates are based to incorporate blood flow.
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The estimate of the rate of glucose phosphoryla tion is based principally on the relationships be tween tissue glucose, 2-deoxyglucose, 2-deoxyglu cose phosphate, and a phosphorylation ratio (Crane et aI., 1978; Cunningham and Cremer, 1981) . The cose influx were maintained at levels appropriate to the rate of cerebral glucose phosphorylation. This occurred despite wide variations in plasma glucose concentration.
The results indicate that at least two factors are involved in the adaptation of glucose supply to meet metabolic de mand. One is related to blood flow, and probably reflects changes in the surface area of the capillary endothelium perfused. The second involves changes in the blood brain barrier permeability to glucose and could reflect changes in the density of functioning glucose transporters within capillary endothelial cell membranes. Key Words: Cerebral glucose phosphorylation -2-Deoxyglucose Early-time distribution-Glucose-Modulation-Re gional blood-brain transport.
estimate of the rate of glucose influx, however, is a more complex function of the relative distribution volumes of glucose and analogue. We therefore wished to validate the estimates obtained for glu cose influx using 2-deoxyglucose. Cunningham et at. (1986) measured glucose influx across the blood -brain barrier in fasted anaesthetized rats using radiolabelled D-glucose. In the present work the short-term 2-deoxyglucose technique was ap plied to fasted anaesthetized rats of the same strain and from the same source. This has allowed a com parison to be made between estimates of influx based on the two techniques.
In addition to the fasted anaesthetized group, the 2-deoxyglucose technique was used to study glu cose influx and phosphorylation in groups of fed and fasted conscious rats. By comparing the data from all three groups, we have examined the factors that link cerebral glucose supply and de mand at different plasma glucose concentrations.
The model used in the present work expresses the transport of glucose and 2-deoxyglucose from capillary plasma to tissue in terms of permeability surface area (PS) products. Other tracer studies employing glucose analogues use rate constants for glucose transfer from arterial plasma to brain tissue. We have also calculated these fractional rate constants for the different physiological states. These studies show how the blood-brain barrier transport capacity for glucose adjusts to changes in cerebral metabolic rate and to glucose availability. and how this is reflected in the corresponding rate constants.
METHODS

Materials
[U _14CJ2-Deoxyglucose (310 mCi/mmol), [PHJ2-de oxyglucose (16.2 Ci/mmol), and 4-iodo-[N-methyl-'4CJ antipyrine (53 mCilmmol) were obtained from Amersham (U .K.). 4-[125I]lodoantipyrine (3 Ci/mmol) was obtained from New England Nuclear (ER. G.). Glucose assays were performed using a hexokinase kit from Boehringer Mannheim GmbH (ER.G.).
Experimental procedures
Animals. The fasted anaesthetized group comprised male Sprague-Dawley rats from which food was with held overnight and which were anaesthetized with 40 mg i.p. pentobarbitone sodium per kilogram prior to experi ment. Cannulae were implanted into a femoral vein for injection of tracers and into a femoral artery for blood sampling. The conscious groups comprised male Porton derived Wistar rats that either had free access to food or had food withheld overnight. These rats were anaesthe tized and a ventral tail artery and a lateral tail vein can nulated. After regaining consciousness, the animals were kept a further 2-4 h under light restraint before experi ments.
Cerebral glucose transport and phosphorylation. Re gional rates of glucose transport and of glucose phos phorylation were determined simultaneously as de scribed by Cunningham and Cremer (1981) . Each animal was given an intravenous injection of 14C-Iabelled 2-de oxyglucose in saline (10 f,lCi in 0. 2 m!) followed 2 min later by 3H-Iabelled 2-deoxyglucose (40 f,lCi in 0.2 ml) and then killed � 3 min later by cerebrally focused microwave irradiation. Arterial blood samples were taken at in tervals for radioactivity measurement and glucose assay. The brain was removed and dissected as described either by Cunningham and Cremer (1981) or by Cunningham et al. (1986) . For each region measurements were made of 14C_ and 3H-Iabelled 2-deoxyglucose and 2-deoxyglucose phosphate. Glucose content of the microwave-fixed tissue was assayed fluorimetrically using the hexokinase method. CBF. Regional CBF was measured using [14CJ-or [ I 25IJiodoantipyrine essentially as described by Ohno et al. (1979) . Animals were killed by decapitation 25 s after the start of a constant-rate intravenous infusion of tracer (20 f,lCi/ml at 1.0 milmin). Single-drop fractions of arterial blood were collected continuously throughout the infu sion. The brain was removed and dissected as described above and samples taken for assay of radioactivity. Re gional CBFs were calculated as described by Cremer et al. (1983) and converted to plasma flow rates using the large-vessel haematocrit.
Model and calculations
Estimates of the unidirectional rate of influx of glucose from capillary plasma to brain l in and of the rate of glu cose phosphorylation in brain R phos were based on the following data: M (f,lmol/g), tissue glucose content; Ca (mM), glucose concentration in arterial plasma; Da(t) (dpm/mi), concen tration of 2-deoxyglucose in arterial plasma as a function of time after intravenous injection; M*(t) (dpm/g), quan tity of 2-deoxyglucose in tissue at two times (t) after in travenous injection (given by 14C and 3H label); P*(t) (dpm/g), quantity of 2-deoxyglucose phosphate in tissue at two times (t) after intravenous injection of 2-deoxyglu cose (given by 14C and 3H label); and F (milmin/g), re gional cerebral plasma flow rate. As will be described later, data were also available on the following:
PS ratio ( = 1.38). the ratio between the PS products for 2-deoxyglucose and glucose, for transfer between the capillary plasma and brain tissue; and the phosphoryla tion ratio ( = 0.37), the ratio between the (fractional) rate constants for the phosphorylation of 2-deoxyglucose and glucose in brain.
It is convenient to describe the model calculations as they were implemented in the computer subroutine used in these studies. The aim is to derive equations that de scribe the time-dependent accumulation of 2-deoxyglu cose and 2-deoxyglucose phosphate in brain tissue in terms of l in and R phOS '
The model assumes that native glucose is in a steady state and that the dephosphorylation of glucose-6-phos phate is negligible (i.e., ¢ is unity) (see Sokoloff et aI., 1977; Phelps et aI., 1979) . The unidirectional rate of ef flux of glucose from brain to blood lout is then given by and net influx may be equated with the rate of glucose phosphorylation
where Cv is the venous plasma glucose concentration. Thus,
where c is the mean capillary glucose concentration.
The PS products for influx PSin and efflux PS out and the phosphorylation rate constant k 3 are then given by
PSin lin
where Vd is the actual physical volume of distribution of glucose in brain (milg). Vd may be incorporated into a rate constant for efflux of glucose from brain to capillary plasma, P2, which is given by R. J. HARGREA VES ET AL.
such that M [see nomenclature of Gjedde (1982) ].
It is now necessary to relate the behaviour of the ana logue 2-deoxyglucose to that of native glucose. The ratio between the fractional rates of phosphorylation of brain 2-deoxyglucose and brain glucose (phosphorylation ratio = 0.37) has been determined previously (Cunningham and Cremer, 1981; Pardridge et aI. , 1982) . The ratio of PS products for influx (PS ratio = 1.38) was derived from a consideration of the relative fractional extractions of tracer glucose and 2-deoxyglucose from plasma by brain as described below. It was assumed that the same ratio applies to the efflux of glucose and 2-deoxyglucose from brain to plasma. Thus, if the superscript asterisk denotes 2-deoxyglucose. On the basis of a unit capillary model with negligible capillary plasma transit time, the net influx of 2-deoxy glucose from plasma to brain at time t after intravenous injection A]*(t) is given by (Gjedde, 1982) :
where Da(t) and M*(t) are the quantities of 2-deoxyglu cose in arterial plasma and in the brain tissue. respec tively, at time t. DaCt) was expressed as the sum of two exponential terms that were obtained separately by fitting the data from arterial blood samples taken throughout the course of the experiment (see following text). Assuming a single tissue compartment for glucose and negligible dephosphorylation of the analogue phosphate during the experimental period of 5 min, the differential equations describing the accumulation of 2-deoxyglucose M*(t) and of 2-deoxyglucose phosphate P' ( t) in brain tissue are
As the above derivation shows, M*(t) and P'(t) are ef fectively functions of the parameters of interest, l in and Rph OS " Given initial estimates of these parameters, numer ical integration (Shampine and Gordon. 1975 ) of the above equations allowed comparison of their solutions with the experimentally determined values of M*(t) and p*(t) at the two times after intravenous injection of [l4Cj and [3HJ2-deoxyglucose. Iterative optimization (Neider and Mead, 1965) of l in and Rphos was then employed to obtain a weighted least mean squares fit to the data. On the assumption of a constant coefficient of error, data were weighted in inverse proportion to their absolute value. Poor fits were rejected on the criteria given by Cunningham and Cremer (1981) . Figure 1 shows repre sentative data for the concentration of labelled 2-deoxy glucose divided by the concentration of unlabelled glu-J Cereb Blood FI(}\\' Me/ab, Vol. 6. No.6, 1986 cose in plasma and brain (specific activities) and the ac cumulation of labelled 2-deoxyglucose phosphate in brain. Examples from the three groups of rats are given, with corresponding curves of best fit.
Ratio between PS products for 2-deoxyglucose and glucose. The fractional extractions of 2-deoxyglucose E' and of glucose E by brain were measured in anaesthe tized rats (Cunningham and Cremer, 1981) using an intra carotid bolus injection technique (Oldendorf, 1971) glucose) varied between 1.28 and 1.39 over a range of vascular glucose concentrations from 0 to 20 mM. This ratio has been shown theoretically (Gjedde and Diemer, 1985a) to depend upon the vascular glucose concentra tion and also on the plasma now rate:
For the anaesthetized rat brain, if a plasma now rate of 0.5 mllmin/g is assumed, then the ratios of the fractional extractions observed by Cunningham and Cremer (1981) correspond to a PS ratio of l.38. The PS ratio is related to the relative affinities of glucose and analogue for the blood-brain barrier glucose transport system and is therefore assumed constant.
Conversion of arterial blood to arterial plasma pre cursor curve. Blood samples were obtained between 15 s and 5 min after intravenous injection of labelled 2-deoxy glucose and assayed for glucose and radioactivity. A zero time point for radioactivity in blood was calculated from the injected dose, assuming a blood volume of 7 mill 00 g body weight. Within the time course of the experiment, equilibration of intravenously injected tracer between plasma and red cells is not complete. The uptake of tracer by red cells is, however, sufficiently rapid to preclude the separation in vitro of plasma from arterial blood. Correc tion terms for data obtained from whole blood were therefore applied. These were based on the procedure of Heath and Rose (1969) . Blood glucose concentration was converted to plasma glucose concentration using a factor of 1.31. The observed ratio of 2-deoxyglucose to glucose in whole blood was corrected to a corresponding value for plasma using the factor 0.09 exp ( -3.535t) + 1.16 exp( -0.033t) where t is the blood-sampling time after intravenous in jection of tracer (Cunningham and Cremer, 1981) . After normalization 3 H and 14C arterial plasma data were com bined into a single plasma precursor curve and fitted to the sum of two exponential components. This is the func tion Da(t) in the model. Other corrections to blood data previously described by Cunningham and Cremer (1981) were found to be unnecessary.
Interconversion of rate constants. The above analysis considers the transfer of glucose and the analogue be tween brain tissue and capillary plasma. Rate constants analogous to those of Sokoloff et al. (1977) and Cun ningham and Cremer (1981) relating to the transfer of glu cose from arterial plasma to brain tissue (K1, mllmin/g) and from brain to venous plasma (k 2 , min -I) may be cal culated as follows (Crone, 1963; Gjedde, 1982) :
with analogous expressions for 2-deoxyglucose (K;, k;).
Estimation of the rate of glucose influx lin from Mi chaelis-Menten parameters. Cunningham et al. (1986) used a steady-state programmed infusion technique (Daniel et aI., 1978) to analyse glucose transfer in terms of two kinetic schemes that took account of the double-membrane nature of the blood -brain barrier. Both schemes described the same relationship between plasma glucose concentration and Jin equally well. On the basis of their Type I scheme, regional estimates (shown in Ta ble 1) of the Michaelis constant K t and the single-mem brane maximal transport capacity T s were used to calcu late alternative estimates of Jin for comparison with those from the present short-term dual-label 2-deoxyglucose technique:
where T max' the apparent maximal transport capacity across the barrier as a whole, equals T/2 (Pappenheimer and Setchell, 1973) ; and c is calculated from the present data. Corrections for tracer backnux in the programmed infusion experiments of Cunningham et al. (1986) used an estimate of glucose phosphorylation based on some of the present results. This backnux correction was, how ever, relatively insensitive to the absolute value of the assumed rate of phosphorylation. The two estimates of Jin are therefore essentially independent.
Statistics
Comparisons were made on the basis of analyses of variance for split-plot experimental designs with rats as the "blocks" factor using the Genstat package (Alvey et a\., 1982) .
RESULTS
Validation of the method
Ta ble I shows regional estimates of the rates of glucose influx across the blood-brain barrier lin in fasted anaesthetized rats determined by the short term 2-deoxyglucose technique. These estimates of influx are compared with those calculated from the regional Michaelis-Menten kinetic parameters of Cunningham et al. (\986) as described in Methods. The results from the two techniques show a close agreement in seven of the eight regions studied.
Glucose influx and phosphorylation
Ta ble 2 gives regional rates of glucose influx and phosphorylation, PS products for influx (PSin = lin!C ) , and regional cerebral plasma flow rates for three groups of animals: fasted anaesthetized, fasted conscious, and fed conscious.
Differences in glucose influx (p < 0.02) and phosphorylation (p < 0.01) were consistent with those in other studies in which the effects of an aesthesia on either influx or phosphorylation were measured (Crane et aI., 1978; Gjedde and Ras mussen, 1980; Cremer, 1986) . These results illus trate a response of transport capacity to the net rate of glucose utilization. The higher rates of influx in the fasted conscious group relative to the fasted an aesthetized group are refl ected in higher values for the corresponding PS products for influx (p < a Values taken from Type I analysis of Cunningham et al. (1986) . where T, = 2Tmax' Mean arterial plasma glucose concentration (± SEM) of the four rats used in the 2-deoxyglucose experiments was 5. 47 mM (± 0.09), and c for each region was calculated as described in Methods. Calculation of l in from the kinetic parameters is also described in Methods. 0.001) ( Table 2) , as the prevailing plasma glucose concentrations are similar. When the conscious groups are compared, it is clear that the rates of influx are maintained at similar levels despite al most twofold differences in the capillary plasma glucose concentrations bctween the fasted and fed conditions. This is associated with lower values for the PS product for influx in the fed conscious group relative to the fasted conscious group (p < 0.001) ( Table 2) . Rates of cerebral glucose phosphoryla tion were similar in the two conscious groups.
Kinetic constants and distribution ratios
While complete sets of rate constants for native glucose have not previously been published, a com parison of the present results with those of Sokoloff et al. (1977) may nonetheless be made in terms of the fractional rate constants for analogue phos-phorylation (ki)' transfer from arterial plasma to brain tissue (K�). and transfer from tissue to venous plasma (k;). These rate constants, together with those for native glucose (K1• k2• and k3), can be cal culated (see Methods) from the corresponding PS products for influx and efflux. Values for three se lected rcgions from the three groups of animals are given in Ta ble 3. It may be noted that although the ratio between the PS products for the analogue and native glucose has been assumed constant (1.38) in the present model, the ratios between the corre sponding rate constants are not, since they also de pend upon the ratio between PS product and plasma flow rate (Gjedde and Diemer, 1985a ; also see Methods). The estimates of K� and k; (the rate constants for 2-deoxyglucose influx and efflux) in fed conscious rats are similar to those reported by Sokoloff et al. (1977) . The estimates of ki (the rate Standard errors of difference of means (SED) were obtained from analysis of variance. I, fasted anaesthetized group mean arterial plasma glucose (± SEM), 5.47 ± 0.09 mM; II, fasted conscious group mean arterial plasma glucose (± SEM), 6.18 ± 0.57 mM; III. fed conscious group mean arterial plasma glucose (± SEM), 9.93 ± 0.46 mM. Corresponding mean capillary plasma glucose concentrations for each region can be calculated as described in
Methods.
J Cereb Blood Flow Metab, Vol. 6, No.6, 1986 2-DEOXYGLUCOSE DISTRIBUTION AND GLUCOSE 7/3 constant for phosphorylation of the analogue) are, however, notably higher (Table 3) . The values for k; reported here may be justified by reference to k3
(the corresponding rate constant for phosphoryla tion of native glucose), to which k; is directly re lated by the phosphorylation ratio of 0.37. Given the rates of phosphorylation reported here, signifi cantly lower values of k; would therefore corre spond to much higher tissue glucose concentrations than were measured in microwave-fixed tissue in the present work. The values of k; reported here in the conscious rats are of a similar magnitude to those of Crane et al. (1985) . The present results are based on measurements of the apparent distribution volumes of 2-deoxyglu cose and glucose in brain tissue relative to arterial plasma. Native glucose is assumed to be in a steady state, whereas 2-deoxyglucose is in a non-steady state over the experimental period of �5 min. An equivalent ratio of distribution volumes predicted for a steady state of both glucose and analogue, A, in the absence of phosphatase activity against ei ther of their phosphorylated products, can be cal culated from the rate constants. Values for A are presented in the final column of Ta ble 3. This ratio is greater than unity since the fractional transport rates for the analogue are greater than for glucose whereas fractional phosphorylation rates are lower. The values of this ratio were similar across the three groups of animals. However, while there was no significant interregional variation in the fasted anaesthetized group, there were small but signifi cant (p < 0.05) interregional variations in the con scious groups.
DISCUSSION
Measurement of rates of glucose transport be tween blood and brain is made difficult by the high turnover of the brain glucose pool. Use of radiola belled D-glucose to examine such transfer rates re quires accurate definition of the early time courses of tracer in blood and brain after intravenous injec tion. The present method overcomes these diffi culties by taking advantage of differences in the be haviour of 2-deoxyglucose and native glucose. Since these compounds differ at both the transport and the phosphorylation steps, estimates of the rate parameters can be obtained by direct measurement of their distribution volumes and the accumulation of analogue phosphate in brain tissue.
The principal determinant of the distribution volume of 2-deoxyglucose relative to that of glu cose is the rate of influx of glucose relative to its rate of phosphorylation. Consequently the esti mates of influx and phosphorylation obtained using the present method are heavily dependent on the assumed values for the phosphorylation ratio and the PS ratio. The concordance of results obtained in anaesthetized rats using the 2-deoxyglucose technique and an independent method employing labelled D-glucose for estimating glucose influx supports the values for these factors used in the present method.
We have assumed negligible phosphatase activity against 2-deoxyglucose phosphate during the 5-min time course of these experiments, although the ex tent of phosphatase activity in rat brain is still a matter of some controversy (Hawkins and Miller, R. l. HARGR£AVES ET AL. 1978; Cunningham and Cremer, 1985; Nelson et aI., 1986) . The present estimates of R pho s are in good agreement with those obtained with the longer-term autoradiographic 2-deoxyglucose method (Sokoloff et aI., 1977) , which makes the same assumption. There is, however, a discrepancy between the two studies. A comparison of the two methods can be made using the equivalent steady-state ratios of distribution volumes given in the last column of Ta ble 3. In terms of the present model, mUltiplica tion of these values by the phosphorylation ratio (0.37) gives an estimate of the "lumped constant" used in the autoradiographic technique. The average value for this estimate in the present work was 0.65, which is � 35% higher than that estimated from the relative extractions of the analogue and glucose after a 45-min programmed infusion (Soko loff et aI., 1977) . Such a discrepancy could be ac counted for by phosphatase activity, which, over longer time periods, would give rise to both a lower net accumulation of analogue phosphate after pulse intravenous injection and a lower net extraction after constant infusion. If this is the explanation for the discrepancy, then we estimate that the frac tional loss of analogue phosphate is of the order of 1%/min (see Appendix). For short-term experi ments this loss is negligible.
In addition to providing evidence for the validity of the dual-label technique, the present study in cludes the application of this method to groups of rats in a range of physiological states. This gave the opportunity to consider changes in the kinetics of glucose transport and phosphorylation.
The unidirectional rate of glucose influx lin is in fluenced by several factors. These include glucose concentration, regional cerebral blood flow, and glucose permeability characteristics of the blood brain barrier. Glucose transport across the barrier is concentration dependent and occurs via a satu rable mechanism (Crone, 1965) such that an in crease in glucose concentration alone would be ex pected to be associated with a decrease in the per meability of the barrier to glucose. When the fasted anaesthetized group is compared with the fasted conscious group (Table 2) , the observed differences in PSin are not attributable to differences in glucose concentration, as these were similar in the two groups. The higher PSin values in the conscious group may therefore result either from an increase in the surface area component of the PS product or from differences in the permeability characteristics of the capillaries perfused at the different flow rates (Hertz and Paulson, 1980) . When the two conscious groups are compared, however, differences in the surface area component J Cereb Blood FloH' Meuth. Vol. 6, No, 6, 1986 of the PS product seem unlikely, as the regional plasma flow rates were similar in these two groups (Table 2) . It is therefore noteworthy that the rates of unidirectional influx were also similar in these two groups despite marked differences in the mean cap illary plasma glucose concentrations (5 and 10 mM, respectively). The implied difference in the perme ability component of the PS product cannot be ascribed to the transport system being close to full saturation in both groups, since these concentra tions are close to the half-saturation constant, which has been shown in a variety of studies to be of the order of 7 mM (Pardridge et aI., 1982; Braun et aI., 1985; Gjedde and Diemer, 1985b; Cun ningham et aI., 1986) . Thus, it is likely that the in creased PS products observed in fasted relative to fed conscious rats reflect not only a lower degree of saturation of the transport system, but also an in crease in the number of available glucose trans porters per unit area of membrane. Christensen et al. (1981) have also reported increases in lin after 3 days of starvation, which they attributed to factors other than blood flow, although Crane et al. (1985) found no significant influence of starvation on glu cose transport.
Our observations, together with the finding that blood-brain glucose transport is repressed in chronic hyperglycaemia (Gjedde and Crone, 1981) , provide support for "up-and down-regulation" of transport capacity (Crone, 1986) in response to changes in plasma glucose concentration. The re sults in the present study from three different groups of rats that differed either in their state of consciousness or in nutrition suggest that adaptive changes also occur in the number of available glu cose transporters in response to changes in the re gional rate of glucose phosphorylation. This adap tation appears to involve both permeability and surface area. Its nature is such that regional rates of influx commensurate with the rate of phosphoryla tion (Cremer et aI., 1983; Hawkins et aI., 1983) can be set despite wide variations in plasma glucose concentrations.
� P*(t) = k*M*(t) -k*P*(t) dt 3 4
Subsequent simulations involved numerical inte gration of these equations with supplementary cal culations as listed in Methods.
The net extraction fraction of glucose Enet is given by E -R pho s net -C F a whereas that for 2-deoxyglucose E�et IS a function of time: E* _ I:1J*(t) net -D a (t) F If Da(t) is constant and kt is zero, then the ratio E�e/Enet approaches a constant value equal to the product of the phosphorylation ratio (0.37) and the equivalent steady-state ratio of distribution volumes iI. (see Ta ble 3). The mean value in the present work was 0.65, whereas Sokoloff et al. (1977) empirically determined an extraction ratio value of 0.48 after maintaining a constant arterial level of 2-deoxyglucose for 45 min. Simulations based on the above equations with D a (t) constant and kt > 0 showed E�e/Enet to decrease monotoni cally with time. Based on values for the frontal cortex of the fed conscious rat, a value for kt of 0.01 min-I gave an E�e/Enet of 0.47 after 45 min.
